Mitochondrial function adapts to cellular demands and is affected by the ability of the organelle to 24 undergo fusion and fission in response to physiological and non-physiological cues. We previously 25 showed that infection with the human bacterial pathogen Listeria monocytogenes elicits transient 26 mitochondrial fission and a drop in mitochondrial-dependent energy production through a 27 mechanism requiring the bacterial pore-forming toxin listeriolysin O (LLO). Here, we performed 28 quantitative mitochondrial proteomics to search for host factors involved in L. monocytogenes-29 induced mitochondrial fission. We found that Mic10, a critical component of the mitochondrial 30 contact site and cristae organizing system (MICOS) complex, is significantly enriched in 31 mitochondria isolated from cells infected with wild-type but not with LLO-deficient 32 L. monocytogenes. Increased mitochondrial Mic10 levels did not correlate with upregulated 33 transcription, suggesting a post-transcriptional regulation. We showed that Mic10 is necessary for 34 L. monocytogenes-induced mitochondrial network fragmentation, and that it contributes to 35 L. monocytogenes cellular infection independently of MICOS proteins Mic13, Mic26 and Mic27. 36 Together, L. monocytogenes infection allowed us to uncover a role for Mic10 in mitochondrial 37 fission. 38 Importance. Pathogenic bacteria can target host cell organelles to take control of key cellular 39 processes and promote their intracellular survival, growth, and persistence. Mitochondria are 40 essential, highly dynamic organelles with pivotal roles in a wide variety of cell functions. 41
3 Introduction 7 electron transport chain, such as the NADH:ubiquinone oxidoreductase subunit B2 (NDUFB2) and 114 assembly factor DMAC2, the ubiquinol-cytochrome c reductase assembly factors 1 and 3 (UQCC1 115 and UQCC3), the cytochrome c oxidase subunits 6C and 7B (COX6C and COX7B), and the 116 F 1 F O ATP synthase subunit 6.8PL (ATP5MPL). Four of these proteins become significantly more 117 abundant in response to infection, suggesting an increased activity of the respiratory chain. Other 118 differentially abundant proteins identified in our analysis are associated with mitochondrial 119 translation (cysteinyl-and methionyl-tRNA synthetases 2, CARS2 and MARS2; tRNA 120 isopentenyltransferase 1, TRIT1; and mitochondrial ribosomal proteins CHCHD1 and MRPL42), 121 metabolism of sterols (lanosterol synthase, LSS), fatty acids (hydroxyacyl-thioester dehydratase 122 type 2, HTD2) and branched-chain amino acids (branched-chain ketoacid dehydrogenase kinase, 123 BCKDK), regulation of mitophagy (Bcl2-associated athanogene 5, BAG5 (21, 22); FUN14 domain-124 containing 1, FUNDC1 (23); peroxiredoxin 6, PRDX6 (24)) and apoptosis (Bcl2-like protein 1, 125 BCL2L1), cristae formation (MICOS complex subunit Mic10, MICOS10), and organelle transport 126 (myosin 19, MYO19 (25)). GO enrichment analysis of the 35 differentially abundant mitochondrial 127 proteins did not reveal any statistically significant overrepresented functional pathways. The 128 mitochondrial abundance of 14 of the 35 proteins (40%) was significantly increased upon infection 129 with wild-type L. monocytogenes, whereas it decreased for 8 proteins (23%) ( Table S1 ). 130 Interestingly, 7 of the 14 upregulated proteins and 4 of the 8 downregulated proteins did not display 131 these changes upon infection with LLO-deficient bacteria (Table S1), indicating that LLO triggers 132 such alterations in their mitochondrial abundance. 133
We further focused our attention on proteins predicted to participate in mitochondrial dynamics or 134 membrane-remodeling processes. Interestingly, we found Mic10 among the seven proteins enriched 135 in mitochondria in response to infection by wild-type but not LLO-deficient L. monocytogenes 136 ( Figure 1E ). Mic10 is a core subunit of the mitochondrial contact site and cristae organizing system 137 (MICOS) complex, a conserved IMM complex responsible for the formation of crista junctions (sites 138 8 where the IMM invaginates to form cristae) (20) . Importantly, Mic10 is a small transmembrane 139 protein, whose V-shaped membrane topology and ability to oligomerize provide it with membrane-140 bending properties that are fundamental for driving the formation of crista junctions (26, 27) . 141 142 Mic10 is required for L. monocytogenes-induced mitochondrial network fragmentation. To 143 investigate the role of Mic10 in L. monocytogenes infection-induced mitochondrial fission, we either 144 lowered or raised Mic10 levels in host cells before infection and analyzed how the mitochondrial 145 network morphology was affected. To assess the effect of Mic10 depletion, we used U2OS cells 146 because its mitochondrial morphology is better suited for microscopy analysis compared to HCT116 147 cells. U2OS were transfected with non-targeting control (si-Ctrl) or Mic10-targeting (si-Mic10) 148 siRNAs (Figure 2A ), after which they were left uninfected or infected with wild-type or LLO-149 deficient bacteria. Cells were fixed and mitochondria immunolabeled for confocal microscopy 150 analysis. In agreement with our previous results, si-Ctrl cells showed a typical tubular mitochondrial 151 network, which became fragmented upon infection with wild-type, but not LLO-deficient bacteria 152 ( Figure 2B ). In si-Mic10 cells, the mitochondrial morphology was similar to that of si-Ctrl cells, 153 indicating that Mic10 knockdown does not affect mitochondrial network shape. However, unlike si-154 Ctrl cells, mitochondrial fragmentation was not detected in si-Mic10 cells in response to wild-type 155 L. monocytogenes ( Figure 2B ). To obtain an unbiased, quantitative representation of these 156 observations, we used a semi-automated morphometric tool to analyze the mitochondrial network 157 morphology from a large number of cells, which allowed us to calculate a mitochondrial 158 fragmentation degree per cell. Results confirmed that the mitochondrial network of si-Mic10 cells 159 does not undergo fragmentation in the presence of L. monocytogenes, in contrast to si-Ctrl cells 160 ( Figure 2C ). We also performed this experiment in HCT116 cells and obtained similar results 161 ( Figure S1 ), thus corroborating the crucial role of Mic10 in mediating mitochondrial fission in 162 response to L. monocytogenes infection. 163
We followed the experimental approach described earlier but instead of siRNA, cells were 165 transfected with a plasmid driving the constitutive expression of a C-terminal FLAG fusion of the 166 human Mic10 protein (Mic10-FLAG), or the empty parental plasmid as a control. We observed that 167 constitutive expression of Mic10-FLAG resulted in a concomitant reduction of the endogenous 168 Mic10 levels ( Figure 3A ). This effect was previously reported for both Mic10 and Mic60 and 169 suggests a tight regulation of the total levels of MICOS proteins (28). Whereas control plasmid-170 transfected cells displayed a fragmented mitochondrial network upon infection with wild-type but 171 not LLO-deficient bacteria ( Figure 3B ,C), cells expressing high levels of exogenous Mic10-FLAG 172 showed a highly vesiculated mitochondrial network, even in the absence of infection ( Figure 3B These results indicate that L. monocytogenes requires basal Mic10 levels to trigger mitochondrial 177 fission in an LLO-dependent manner. Moreover, together with our proteomic data, they suggest that 178 this mitochondrial network breakdown could be a result of increased Mic10 levels in mitochondria. 179 180 Mic10 contributes to an efficient L. monocytogenes cellular infection. The dynamic state of the 181 mitochondrial network was reported to play a role in the early steps of L. monocytogenes cellular 182 infection, as cells with fragmented mitochondria were less susceptible to infection, whereas cells 183 with hyperfused mitochondria showed improved infection levels (16). Considering our results 184 regarding the effect of Mic10 levels on the morphological status of the mitochondrial network, we 185 wondered whether and how Mic10 levels affect L. monocytogenes infection. We performed 186 gentamicin protection assays in control cells and in cells either depleted of Mic10 or overexpressing 187 Mic10, and after infection with wild-type bacteria, we quantified the intracellular bacterial load. 188 overexpressing Mic10 showed a 20% increase in infection ( Figure 4B ). To determine if the reduced 190 infection levels observed under Mic10 depletion were due to alterations in cellular bioenergetics 191 elicited by defects in mitochondrial function and energy metabolism, we analyzed the mitochondrial 192 respiratory and ATP production capacity of these cells. The oxygen consumption rate and ATP 193 levels in si-Mic10 cells were similar to those in si-Ctrl cells ( Figure 4C L. monocytogenes. We confirmed that Mic10 depletion results in partial downregulation of the other 202 three members of the Mic10 subcomplex ( Figure 4E ). In turn, Mic13 and, to a lesser degree, Mic27, 203 are also necessary to sustain basal Mic10 levels ( Figure 4E ), in agreement with previous reports (31, 204 32). Quantification of intracellular bacteria showed again impaired infection of Mic10-depleted cells, 205 but revealed no difference between control cells and cells depleted for either Mic13, Mic26 or Mic27 206 ( Figure 4F ). This surprising result demonstrates that none of these MICOS subunits is individually 207 required for Listeria cellular infection, and therefore supports a unique role of Mic10 in this process. 208
In agreement with this finding, besides Mic10, none of the other six subunits of the metazoan 209 Our proteomic approach yielded a degree of mitochondrial enrichment (36%) and mitochondrial 234 proteome coverage (53%) comparable to those reported in other studies using varied mitochondrial 235 isolation and mass spectrometry protocols (37-39). One of these studies explored the host 236 mitochondrial response to M. tuberculosis infection, showing that virulent strains increased 237 mitochondrial energy production and protected host cells from apoptosis, as opposed to avirulent 238 bacteria (37) . These changes were partially supported at the protein level, with upregulation of 239 proteins involved in respiration and anti-apoptotic mechanisms, and reduced levels of proteins linked 240 to anti-microbial response. Our proteomic data also hint that mitochondrial translation and 241 respiration are enhanced in response to L. monocytogenes infection, possibly to compensate for the 242 drop in mitochondrial membrane potential (16). 243 membrane-shaping properties (26, 27, 40-42), and its mitochondrial levels showed an LLO-245 dependent upsurge with infection. We hypothesized that elevated Mic10 levels could drive 246 deregulated IMM remodeling, resulting in mitochondrial fission. In support of this assumption, we 247 showed that L. monocytogenes cannot fragment mitochondria in Mic10-depleted cells. In contrast, 248
we observed clear mitochondrial fragmentation in cells overexpressing Mic10, even in the absence 249 of bacteria. Others have reported that excessive Mic10 levels disrupt cristae structure (26), and that 250
Mic10 knockdown or knockout also result in absent cristae junctions and unattached cristae stacked 251 in the matrix (26-30, 40, 43). These phenotypes showcase the importance of Mic10 in IMM 252 structure maintenance and suggest that L. monocytogenes could target Mic10 to induce IMM 253 remodeling and trigger mitochondrial fission. We did not observe changes in the mitochondrial 254 morphology of Mic10-depleted cells, implying that the ultrastructural defects caused by Mic10 255 knockdown are not sufficient to elicit mitochondrial fragmentation, in contrast to the disruptive 256 effect of excessive Mic10 levels. Consistently, knockdown of other MICOS subunits, such as Mic60 257 (28), Mic19 and Mic25 (44), did not cause mitochondrial fragmentation, although Mic60-and 258
Mic19-depleted mitochondria showed bulb-like enlargements (28, 44). Similar features were 259 reported in Mic10-null yeast mitochondria (45), but we did not observe them in our si-Mic10 cells. 260 Surprisingly, the enrichment of Mic10 in mitochondria upon L. monocytogenes infection was not due 261 to increased Mic10 transcription, which suggests that Mic10 accumulation in mitochondria occurs at 262 the protein level. This could be caused by increased import or reduced turnover of Mic10 in 263 mitochondria. As a nuclear gene-encoded protein, Mic10 is imported from the cytosol via the 264 mitochondrial protein import machinery (46, 47). However, as other MICOS proteins are similarly 265 imported (47), and our proteomics data showed no significant changes in their mitochondrial levels, 266 it seems unlikely that increased Mic10 levels are caused by enhanced mitochondria import. Protein 267 turnover in mitochondria is carried out by multiple proteases residing in the different mitochondrial 268 14 compartments (48). Interestingly, two of these proteases, Yme1L and Oma1, were reported to 269 participate in the processing of Mic60 and Mic19, respectively (28, 44), suggesting that they may (Table S1 ). Mitochondrial Ca 2+ efflux is 289 mediated, among others, by the sodium/calcium exchanger NCLX (52), which can be activated by 290 protein kinase A (PKA)-mediated phosphorylation (53). The catalytic subunit alpha of PKA 291 (PRKACA) is one of four mitochondria-related proteins that are less abundant with infection in an 292 LLO-dependent manner, suggesting that PKA-mediated NCLX activation is impaired during 293 mitochondrial network (54). An investigation on the contribution of these mitochondrial proteins 296 could clarify a role for mitochondrial Ca 2+ uptake in L. monocytogenes-and possibly also Mic10-297 dependent mitochondrial fragmentation. 298
In conclusion, this work represents the first proteomic analysis of the mitochondrial response to 299 L. monocytogenes infection and allowed us to reveal a novel actor in mitochondrial dynamics, which 300 is specifically manipulated by L. monocytogenes to create the ideal setting for host cell infection. ACOT8  KLK6  PRKACA  ATP5MPL  BCL2L1  LSS  CHCHD1  SARDH  FUNDC1  UQCC1  UQCC3  SLC35F6  ATIC  TIMM29  DMAC2  CISD3  HTD2  UBIAD1  BCKDK  TRABD  YIF1B  MICOS10  MARS2  MYO19  TRIT1  CARS2  MICU1  BAG5  MRPL42  MARC1  NDUFB2  COX7B  PRDX6 
